refractive, diffraction and optical fiber components. In particular, diffraction grating (DG) is one of the key elements for the design and creation of modern optoelectronic devices. One of the most prominent materials for the creation of DGs is liquid crystals. The main feature of these systems is that liquid crystals combine properties such as optical anisotropy inherent for crystals and molecular mobility. High sensitivity to an external field, in particular to an electric field, makes liquid crystals very useful for the creation of DGs with tunable properties. The combination of these properties enables easy control of optical characteristics of such systems and opens wide perspectives for the design of new materials for diffractive optics.
where n is the average refractive index, and P is the helix pitch. The specific value of helix pitch depends on the chemical structure of the molecules forming the cholesteric phase and concentration of chiral moieties. One of the easiest ways to obtain the cholesteric mesophase is by doping the nematic matrix with chiral components (Figure 1 ). Variation of structure of chiral molecules by external stimuli leading, for examples, to the photoisomerization, is effectively used for fine tuning of the helix pitch. [10] [11] [12] [13] [14] [15] [16] [17] In addition, the application of an electric field also provides a convenient opportunity to change optical properties of the CLC phase. [18] [19] [20] [21] These unique properties enable to design a great variety of optical elements and devices based on CLC layers, films, or cells. Among them it is necessary to mention the media for photo-optical data recording, [22] [23] [24] [25] electrically switchable mirrors, [26, 27] optically controllable linearpolarization rotators, [28] coatings with controllable friction and adhesion, [29] materials for display technology, [23, 30] secure
Modern optics and photonics constantly require break-through materials and designs in order to achieve miniature, lightweight, highly tunable, and effective optical devices. One of the basic optical components is the diffraction grating (DG), widely used for the dispersion of light, beam steering, etc. This review gathers research efforts on diffractive optical elements based on cholesteric liquid crystal (CLC) materials with a supramolecular helical architecture. All main types and fabrication approaches of periodic diffractive structures from CLCs are classified and described. Key optical properties of DGs, their advantages and drawbacks are considered. Special attention is paid on the tunability of DGs including design principles and prospective chiral materials. The review consists of three parts divided according to the formation mechanism of diffractive structures: i) the spontaneously formed periodic structures from CLCs confined in cells with hybrid or homeotropic boundary conditions; ii) DGs generated by external electric field applied to CLCs layers; iii) light-generated DGs (e.g., obtained by holography, mask exposure, photoalignment). The review also aims to initiate and gain collaborations between physicists, engineers and organic chemists to combine novel chiral photoswitches and molecular motors with sophisticated optical design paving the way towards novel smart optical materials.
Introduction
Past decades are characterized by the explosive development of technologies based on optoelectronics and photonics. [1] [2] [3] [4] [5] [6] [7] The modern elemental base of these technologies includes authentication, [31] sensors on metal ions, [32] volatile amines, [33] pH, [24, 34] and many others. [35, 36] The constantly growing requirements for new elements for diffractive optics and the development of research in the field of liquid crystals has led to the emergence of a large number of papers devoted to the creation of DGs based on CLC. The purpose of this manuscript is to review the main types of CLC-based diffractive elements with a focus on their property changes upon activation by different stimuli. The review consists of three main parts.
The first part describes periodic structures spontaneously forming in CLC layers due to the intrinsic periodicity of the cholesteric helical supramolecular structure. The formation of DGs in cells with hybrid-aligning boundary conditions will be considered, i.e., when one of the substrates is treated in such a way that it induces a uniform planar alignment and the opposite substrate promotes the homeotropic (vertical) orientation of the LC molecules. This part also considers a remarkable case of photoinduced DGs rotation due to regulation of the cholesteric helix pitch by light exposure.
Another case considered in this part of the review is the so-called fingerprint texture of CLCs, in which the axis of the supramolecular cholesteric helix lies in the plane of the layer and provided by homeotropic LC alignment. This texture is characterized by a periodic modulation of LC orientation and refractive index with period predetermined by helix pitch (P/2) and could easily serve as DG.
The second part of the review is devoted to different types of DGs induced in CLC materials by an electric field, including low-molar-mass mixtures as well as recently investigated polymer systems. As it will be shown, the electric field application to CLC layers with different helix pitch and thickness enables reversible generation of a great variety of 1D and 2D periodic structures. In addition, a very interesting and promising diffracting optical structure, called cholesteric "bubbles" or bubble domain texture, will be considered.
The third part of the review describes DGs produced by light action on cholesteric low-molar-mass and polymer systems. In the latter case, holographic recording or mask exposure gives an opportunity to realize photo-optical recording of DGs of various types having adjustable parameters. There are at least two possibilities for the formation of such DGs. The first one is by local periodic change in helix pitch and selective reflection wavelength. The second one is by holographic recording based on photo-orientation process of azobenzene chromophores chemically embedded in the CLC polymer matrix.
The main goal of this review is to give a general impression on the state of art in the wide field of diffractive optics based on CLC systems with a special accent on their tunability.
Periodic Structures Spontaneously Forming in CLC Layers
This chapter considers the periodic structures spontaneously arising in CLC layers without any external fields that can be used as diffraction gratings. A key factor in the formation of such structures is the balance between forces acting on the boundaries and those promoting a twist of the cholesteric helix. Therefore, boundary conditions play an important role for this type of structures. If, for example, a cholesteric layer is confined between two surfaces that symmetrically induce a planar orientation, i.e., when the long axis of the LC molecules lies in the plane of the layer, a structure with a perpendicular direction of the axis of the supramolecular cholesteric helix occurs. The resulting periodic structure acts as a Bragg grating with period P/2, as it has been shown above and determines the most popular and often used property of CLCs-selective light reflection (see Equation (1)). As noted in the introduction this feature of CLCs has been addressed in enormous number of papers and is not the subject of the current review.
In the case where one or two of the boundaries induce a homeotropic/vertical orientation of LC molecules, periodic distortions of the cholesteric layer appear in the plane of the sample, which represents a great potential for practical applications in optics. These two cases, namely fully homeotropic and hybrid (homeoplanar) alignment for structuring of CLC layers and possibilities of their tuning will be discussed in this chapter.
Self-Structuring of Hybrid-Aligned CLC Layers
Let us consider the behavior of cholesteric LCs placed in a cell with hybrid-aligning boundary conditions (Figure 2a) . Such alignment conditions force cholesteric layers to reorient vertically near the substrate with homeotropic alignment conditions. However, the reorientation is hindered by anchoring at the opposite substrate promoting planar alignment. As a result of chiral torque and elastic forces, CLC's planes experience a sinusoidal periodic corrugation to minimize the free energy (Figure 2a ). This results in the appearance of oriented striped domains in optical texture. Since a substrate with planar alignment is unidirectionally rubbed, the periodic striped texture also has a certain orientation, which is strongly defined by the confinement ratio (d/P). The vertically aligned LC layer model proposed in ref. [37] describes the rotation of the stripes in the direct vicinity to the substrate with homeotropic boundary conditions. The azimuthal angle of LC director orientation (φ) near the vertically aligning substrate governs the orientation of the periodic striped pattern (diffraction grating) according to Equation (2) [37] =
Due to free rotation of the director near the substrate with homeotropic aligning conditions, it is possible to achieve continuous rotation of the entire structure. The possible mechanism of rotation phenomenon proposed in ref. [38] consists of the creation of defects, their drift and recombination. Upon helix pitch increase the stripe breaks yielding the pair of defects which move in opposite directions until they annihilate with other defects having counter signs. Finally, the formed distorted line gradually relaxes and straightens. Usually the defect drift occurs in a relatively small area (domain) of about dozens of microns and large uniform rotation proceeds after the relaxation of deformed boundaries of the domains.
The distribution of the director field in a hybrid-aligned CLC layer is schematically shown in Figure 2b . [39] It is easy to distinguish a repeating motif with period (L) corresponding to the period of the texture observed in the polarized optical microscope (POM, e.g., see the inset in Figure 2b ). The modulation of the optical texture of a CLC layer, i.e., alteration of relatively dark and bright stripes corresponds to the modulation of the refractive index caused by the periodic change in the orientation of the LC molecules. Therefore, such structures can be considered as phase DGs. According to the studies of arch-textures of the wedge samples with hybrid-aligning conditions, it is possible to identify thick layers (d/P > 0.5), in which the period is almost unchanged and close to 2P, and thin layers (d/P ≤ 0.5), in which there is an increase in the period in the interval of approximately (P÷2P) with the increasing of confinement ratio.
Hence, two operation modes for DGs based on hybrid-aligned CLC layers can be potentially achieved: i) rotation of grating (grating's vector) with simultaneous change in its period, and ii) rotation of grating at constant period. Both these modes have been experimentally observed and will be described below.
The control of the parameters of CLC gratings can be easily achieved by changing the thickness of the layer or the helix pitch. Considering the hybrid-aligned CLC layer as an optical device, it becomes clear that changing the thickness of the layer to adjust the grating parameters is not suitable (with the exception of wedge cells), hence we focus on the manipulation of cholesteric helix pitch.
The easiest way to control cholesteric pitch is by temperature, which often leads to helix winding, i.e., P decreases. So, the authors [37] used nematic E7 doped with chiral molecules a) The schematic representation of the hybrid-aligned (homeotropic-planar) cholesteric layer with periodic structure; P-cholesteric helix pitch, L-period of cholesteric grating. b) Distribution in LC director (section in a plane perpendicular to stripes) in striped domain structure of hybrid-aligned cholesteric layer. Inset shows typical POM image of the structure. [40] b) Adapted with permission. [39] Copyright 1996, Taylor & Francis. Inset of b) Reproduced with permission. [40] Copyright 2015, Wiley-VCH.
CB15 and were able to achieve ≈101° of continuous counterclockwise rotation of the DG, while increasing the thickness of the sample (or d/P) brought about an increase in the maximum angle of grating rotation (Figure 3a) . The authors noted that for a good quality of the gratings, the confinement ratio (d/P) should be in the range of 2÷3. When d/P exceeds this level, disclination lines appear which drastically reduce the quality of stripes organization. Nevertheless, this interval can differ significantly depending on the parameters of the LC material (elastic constants, viscosity, etc.)
Another obvious way to change the cholesteric helix pitch is by applying electric field that leads to the unwinding of helix, i.e., P increases. Using the above-mentioned system, the grating rotation angle of ≈48° was achieved (Figure 3b ). [37] In this case, rotation in opposite (clockwise) direction was observed. However, both stimuli (temperature and electric field) have significant limitations such as the thermal fluctuation effect, isotropization, phase-transition voltage, which substantially constrain the total rotation angle of DGs.
An elegant and versatile method of tuning the pitch of a cholesteric helix is to use chiral-photochromic switches and motors capable of changing their twisting power under the action of light due to photo-isomerization. The helical twisting power (HTP) is a phenomenological parameter which describes the ability of the dopant to twist the nematic structure and is defined according Equation (3) HTP = / ee
where X is the concentration of the chiral dopant (HTP is taken positive if the cholesteric helix is right-handed and negative if it is left-handed) and ee is the enantiomeric excess. The HTP value is determined by individual contributions of all enantiomers present in the system. It strongly depends on the geometry of chiral fragments and molecular interactions (steric, van der Waals, etc.) between mixture components. These relations between the chiral dopant structure and HTP provide ways of helix pitch phototuning. To date, a large number of chiral photo switches and molecular motors for purposeful tuning cholesteric pitch have been elaborated and described. [10] [11] [12] [13] [14] [15] [16] [17] In the work, [40] , authors developed a CLC system using a mixture of two chiral dopants with HTPs of opposite sign, one of which was nonphotochromic (compound 1, Figure 4a ) and another photoactive one containing azobenzene fragments (compound 2, Figure 4a ). The key features of this system were a very broad range of helix pitch phototuning and reversible inversion of helix handedness from the right to the left-one. Hybrid-aligned layer of the mixture spontaneously formed a periodic structure, which was exploited as rotatable diffraction grating. Upon UV light exposure (365 nm) the rotation of diffractive structure over the entire sample area was observed ( Figure 4b ). The rotation was accompanied by increasing grating period until its complete disappearance, which corresponded to a compensated nematic state in which both HTPs of dopants 1 and 2 compensated each other resulting in complete helix pitch unwinding. Subsequent UV irradiation led to the appearance of the grating again and its rotation in the same direction as before (Figure 4c ). The latter stage corresponded to the twisting of the left-handed helical structure, which was expressed in the grating rotation with a simultaneous decrease in grating period. So, the total angle of the continuous rotation was ≈690°, while the total rotation caused by UV light illumination reached ≈1220°. The rotation process was completely reversible under the action of visible light. An important feature of this CLC system consisted also in the stability of the Z-isomer of the chiral dopant (2), which allowed the creation of rather complex patterns by nonhomogeneous or mask exposure ( Figure 4d ).
As was indicated above, the operation of the system showed in Figure 4 corresponds to the regime of a "thin" layer, where the rotation of the grating is accompanied by a change in the grating period. However, recently a continuous rotation of ≈988° has been achieved with constant grating period (Figure 5a,b) which, as shown above, corresponds to ≈2P for a "thick" layer. [41] In this example, a commercially available chiral-photochromic dopant ChAD-3c-S (by BEAM) was used. A glass substrate promoting planar alignment on the bottom and the LC-air interface promoting vertical molecular orientation at the top was utilized for the creation of hybrid-aligned CLC layer. The interface "isotropic phase-LC phase" can be used for inducing homeotropic alignment as well. [42] The main disadvantage of such a configuration is that the liquid film has an open interface, therefore it is not resistant to both mechanical influences and dewetting.
It should be noted that the hybrid-oriented CLC layers has been previously used to transduce and enhance the molecular rotation of chiral motors across the length scale. [43, 44] The chemical structure of overcrowded alkene based molecular motor (3) exploited as chiral-photochromic dopant for LCs is depicted in Figure 5c . Photoinduced isomerization causes the unidirectional rotation of the upper part of the molecule around CC bond, which strongly affects the HTP of the molecule and, as a result, enables varying the cholesteric helix pitch in a wide range with the possibility of handedness inversion. A CLC layer containing molecular motor (3) coated on substrate with planar alignment conditions forms structures similar to that described in the current chapter ( Figure  5d ). Moreover, it was revealed by AFM study, modulation of the surface relief (similar to surface relief gratings) also takes place in addition to the modulated optical texture (Figure 5e ). The authors used the rotation of the structure upon light exposure to rotate a micro-sized object on a surface (glass rod of 28 µm in length).
Based on data reported so far, we can conclude that the vector of CLC gratings rotate clockwise by increasing pitch of right-handed helix and decreasing pitch of left-handed cholesteric helix. The counterclockwise rotation occurs by unwinding and winding of right-and left-handed helical structures, respectively.
Thus, diffraction gratings based on hybrid-aligned CLC layers and tunable under the action of various stimuli are of particular interest for nonmechanical beam steering devices, allowing controlling diffracted beams in wide spatial limits. (1) and chiral-photochromic (2) dopants inducing left-and right-handed cholesteric helical structure, respectively and used in ref. [40] . b) The evolution of the diffraction pattern of cholesteric grating (hybrid-aligned CLC layer) upon UV light irradiation. c) Kinetic curves of stripe direction angle (solid squares) and gratings period (open squares) upon UV exposure. d) POM images of the patterned cholesteric gratings produced by inhomogeneous (Gaussian beam, at the left) and mask (striped amplitude mask, at the right) exposure. b-d) Reproduced with permission. [40] Copyright 2015, Wiley-VCH. Figure 5 . a) The total continuous rotational angle and b) period variation of the hybrid-aligned semi-free CLC layer demonstrating rotation of the grating vector by ≈988° with almost constant period. c) Structure of the chiral molecular motor rotating hybrid-aligned CLC structure upon light exposure. d) Glass rod rotating (clockwise) on the top of the CLC layer under UV exposure. Scale bars: 50 µm. [41] e) Surface topology of the hybrid-aligned CLC layer (atomic force microscopy image; 15 µm 2 ). [43] a,b) Reproduced with permission. [41] Copyright 2017, MDPI. c-e) Adapted with permission. [43] Copyright 2006, Nature Publishing Group.
Periodic Structures in CLC Layers with Vertical Alignment
It is well known that a CLC layer confined between two surfaces with a homeotropic alignment has the so-called fingerprint texture, in which the axis of the supramolecular cholesteric helix lies in the plane of the layer (Figure 6a) . A usual fingerprint texture does not have any dedicated orientation of the fringes; however, the distance between fringes is defined by helix pitch. As the results of orientation disorder of cholesteric fringes such as lying-helix structures cannot be effectively used as a diffraction optical element. Nevertheless, there are methods to obtain an aligned fingerprint structures, which were used to create tunable DGs. [9, 45, 46] In the paper, [9] the authors used nematic 5CB doped with a mixture of nonphotochromic and photochromic chiral dopants 4 and 5, respectively (Figure 6b ). This mixture, besides changing the helix pitch can also irreversibly switch cholesteric helix handedness. In order to obtain an aligned fingerprint texture, the optimized technique exploiting a unidirectionally rubbed polyimide coating inducing a homeotropic molecular orientation was used. As seen in Figure 6c , fingerprint textures possess uniaxial alignment along the rubbing direction. Upon UV irradiation, an increase in the grating period associated with untwisting of cholesteric helix was observed, until the helix pitch reached the critical/threshold value (Equation (4)) [9] 2 / th 22 33
where K 22 and K 33 are elastic constants for twist and bend deformations, respectively. Exceeding this value cholesteric lying-helix became fully unwound by strong homeotropic anchoring. Further exposure led to a switch of chirality sign and a twist of the helical structure again, which caused the appearance of the grating when P became smaller than P th and chiral torque exceeded anchoring strength. Evolution of the diffraction angle (period of the grating) and diffraction efficiency are provided in Figure 6d . As seen from the figure, the twisting of the cholesteric helix and reducing the grating period was accompanied by a significant reduction of the diffraction efficiency, which was caused by the disturbance of texture order (Figure 6c ). The last fact makes this method of the DGs fabrication less attractive for practical use.
To conclude, a spontaneous formation of ordered periodic structures in CLC layers with the ability to control the cholesteric pitch enables creating switchable diffraction gratings with a tunable period and the direction of the grating vector (rotation), which opens up new opportunities for nonmechanical leveraging the light beams.
Diffraction Structures in CLC Materials Induced by Electric Field
In contrast with the previous chapter, where the structuring of a CLC layer occurred spontaneously at homeotropic or hybrid boundary conditions, the current chapter is devoted to the behavior of planarly aligned CLC layers under the action of an electric field. It will be shown that, under certain conditions, the field can cause the appearance of periodic structures in CLC layer, which in turn are the phase gratings operating normally in the Raman-Nath regime. [47] The types and, key properties of such systems will be considered. A particular emphasis will be Adv. Optical Mater. 2018, 6, 1800335 (4) and chiral-photochromic (5) dopants of opposite signs used in ref. [9] . c) POM images showing the evolution of aligned fingerprint textures (acting as DGs) upon UV light exposure with corresponding diffraction patterns of probe laser beam. d) Diffraction efficiency (at the left) and diffraction angle (at the right) as function of exposure time for cholesteric grating with homeotropic-alignment. The area highlighted in gray corresponds to unwound cholesteric state. [9] c,d) Adapted with permission. [9] Copyright 2012, OSA Publishing.
placed on the tunability of gratings' properties and the question of their stabilization will be considered as well. At the end of the chapter, interesting metastable topological states of CLC layers will be discussed in the context of their applications and prospects for diffractive optics.
General Features of Electro-Induced Structures Formation in CLCs
A fascinating property of LC materials is their responsiveness to weak electric fields, caused by their dielectric anisotropy (Δε), and is widely used nowadays in display technology. Application of an electric field to the LC layer with positive dielectric anisotropy (materials with Δε > 0 are in the focus of the current chapter, unless otherwise mentioned) leads to a reorientation of the dipole moment of LC molecules (which often coincides with the long axis of the molecule) along field and is also referred to Fréedericksz transition. [48] The electro-induced reorientation of LC molecules in nematic mesophase possesses a threshold-like character (U H ) and is typical for cholesteric materials as well. If the voltage applied is lower than U H but reaches the threshold value U TH (i.e., U TH < U < U H ), it is possible to observe in-plane modulated periodic structures (Figure 7a ). Cholesteric planes experience a sinusoidal periodic tilt to minimize system free energy caused by the hindrance of planes rotation (or reorientation along the field), surface anchoring, and chiral torque. As in the cases of aligned fingerprints ( Figure 6 ) and striped texture of hybrid-aligned CLC layer (Figure 2 ), such spatial modulation of the orientation of LC molecules and associated modulation of refractive index act as phase (volume) grating.
The modulated structures of planar aligned CLC layers can be classified into two types according to the mechanism of their appearance. One of them is the "developable modulation" (DM) type of grating where the transformation of the initial planar structure begins simultaneously and develops uniformly throughout the switched area of the CLC layer. The DGs of this type are also referred to as the periodic bending of cholesteric planes-Helfrich-Hurault deformation (Figure 7a ). [49] 1D periodic striped domain structures either parallel (DM(//)) or perpendicular (DM(⊥)) to the rubbing direction of polyimide aligning coating of electro-optical cell are typical for DM cholesteric DGs. The emergence of a certain type of structure is dictated by the helix confinement ratio (Figure 7b) . The orientation of stripes in DM gratings can be associated with LC molecules orientation in the midplane of CLC layer in the ground planar state. [50, 51] Analyzing data from literature, we can roughly estimate the intervals of existence of DM(//) and DM(⊥) gratings to be d/P < 0.5, and 0.5 < d/P < 2.5, respectively. [8, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] A typical optical texture of the DM(⊥) grating together with the structure of the LC director field (cross-section in the direction perpendicular to the grating's lines) is presented in Figure 7c . According to the Helfrich-Hurault theory, the period of cholesteric layer undulation (L) is proportional to square root of P (Equation (5)) [53, 54] and as a consequence, one can tune the period by varying helix pitch as it will be demonstrated later
The second type of electro-induced CLC gratings is "growing modulation" (GM) type where the structure usually nucleates near the edges and spacers of the LC cell and gradually elongates, occupying the whole sample area. The direction of the line growth is always parallel to the rubbing direction. An example of a GM structure observed by POM is provided in Figure 7c . It should be pointed out that GM gratings can also c) POM images of GM and DM(⊥) cholesteric DGs (at the top). [72] Computer simulated director field distortion in GM (surface-frustrated lying-helix) and DM(⊥) structures. Cross-sections are perpendicular to the gratings' stripes. [52] c) Top, Reproduced with permission. [72] Copyright 2012, AIP Publishing. c) Bottom, Reproduced with permission. [52] Copyright 2012, Springer Nature.
be referred to so-called surface frustrated lying helix (SFLH) structure.
According to the calculation and experiments, the two possible distributions of LC director for GM gratings are, "O"-and "snake"-like, the former is depicted in Figure 7c . [52, 56] A common feature of these two structures is that the middle part of the layer consists of almost nondistorted cholesteric helix with the axis lying in the plane of the substrates. Therefore, an electro-induced transition from the ground planar state of a CLC layer with the helix standing perpendicularly to the surface to GM grating can also be considered as a 90° rotation of the supramolecular helix axis.
The cholesteric gratings of GM type can usually be observed at 1 < d/P < 2.5, however at higher confinement, the GM structure can still exist in a sufficiently disordered state which limits their utilization as DG. Interestingly, as it is seen from Figure 7b , GM and DM(⊥) grating can coexist in dynamic equilibrium governed by an applied voltage, in contrast to DM(//) and DM(⊥) which cannot exist at the same time.
In addition to 1D cholesteric electro-induced gratings, there are reports on 2D (square) periodic structures, which commonly appear at d/P > 2 (Figure 8a-c) . [61] [62] [63] Moreover, for CLC layers with 2 < d/P < 2.5, 2D gratings can coexist with 1D gratings replacing the former upon increasing the voltage applied. [62] One of the main challenges for obtaining 2D structures of good quality and stability is to eliminate the nucleation sites generating oily streak defects which impair the 2D structures. By polarized confocal fluorescence microscopy it was revealed that such 2D gratings consist of two different types of spatial distortions of LC alignment: modulations in the bulk and at the surface (Figure 8d ,e). [61] Bulk undulations are characterized by a period of L u /2, while two surface undulations have periodicity L u (Figure 8e ). These undulations are also shifted by L u /2 with respect to each other. The structure of 2D gratings dictates strong influence of their optical properties on the confinement ratio. In ref. [62] , the authors have shown the possibility to tune the period of 2D grating in a symmetric way by varying the voltage applied to the CLC layers with relative high confinement ratio (d/p ≥ 10). So the growth of DG's period was observed upon increase of voltage applied. It is important to note that the performance of 2D gratings does not depend greatly on polarization of the probe beam.
Tunability of Electro-Induced Cholesteric DGs
As was stated before, the properties of cholesteric DGs are defined by supramolecular helix confinement. Therefore, the best way to tune the parameters of DGs is to adjust the cholesteric helix pitch. In this subsection, we will consider ways to vary gratings' parameters such as electric field, temperature, and light. The main optical properties of DGs will be in a focus of the current subsection as well.
Let us begin with discussing the capability to control of DGs' parameters by means of electric field variation. It is known that the application of an electric field leads to untwisting of the cholesteric helix (i.e., P growth). An increase in the applied field above the threshold (U TH ) for a GM grating leads to an increase in the grating period and, this growth continues until the field value reaches the threshold voltage of the transition to a homeotropic state (U H ). [50, [64] [65] [66] [67] [68] [69] In this case, the diffraction efficiency of a GM grating varies insignificantly and only in regions close to the transition to a homeotropic state. A completely different behavior is observed for DGs of DM type. Since the thresholds U TH and U H are usually quite close for DM gratings, an increase in the voltage does not change their periods. However, the increase in voltage initiates stronger distortion of the CLC layer leading to an increase in the modulation of the refractive index and hence to growth of diffraction efficiency, which also agrees with the "developable" nature of the appearance of such DGs. [50, 69] Before turning to the temperature regulation of DGs' parameters, let us briefly discuss the polarization properties of gratings. [50, 55, 60, 69, 70] Gratings of GM and DM(//) types have similar properties with respect to the polarization of probe light. If the polarization of the incident beam is perpendicular to the grating lines, the probe light passing through the sample is affected by the ordinary refraction index resulting in absence or low diffraction efficiency. In the case when polarization of the laser is parallel to the stripes, the modulation of refractive index yields maximum diffraction efficiency. The difference between diffraction efficiencies for orthogonal polarizations is higher when the electro-induced structure is closer to the ideal lying helix. On the contrary, DM(⊥) gratings usually demonstrate opposite behavior, i.e., the highest diffraction is observed for light polarized perpendicular to the grating lines. However, DM(⊥) gratings have more complicated behavior depending on the confinement ratio and applied voltage.
It is interesting to note that the polarization properties of GM type gratings may be exploited in unexpected and elegant ways. [58, 59] In ref. [58] , the authors used a CLC layer with an electro-induced GM grating as a mask for lithography. It was 40 . [61] d) Fluorescence confocal polarizing microscopy image and e) reconstructed layer pattern of the cross section of 2D gratings with d/p = 11. [61] Reproduced with permission. [61] Copyright 2005, OSA Publishing.
shown that exposure of the photoresist layer through the cholesteric grating to UV light with polarization parallel to grating lines results in a sinusoidal surface relief with amplitude more than 100 nm and period corresponding to the CLC grating. Thus, the phase grating can be easily transposed into a surface relief grating.
Due to the inherent properties of cholesteric supramolecular structure, DGs can also be controlled by temperature. Usually, a significant change in the pitch of the cholesteric helix occurs in the vicinity of the isotropization temperature; yet such temperature regime drastically reduces optical performances of DGs due to strong thermal fluctuations of LC director and decrease of order parameter. However, an example when the temperature change allows changing the parameters of the gratings in a rather wide range and far from isotropization is shown in ref. [71] .
Here the authors used a thermoresponsive chiral dopant (6 in Figure 9a ) which linearly changes its HTP value from ≈5 to ≈1 µm −1 as the temperature increases from 21 °C to 75 °C (T iso of the used matrix, SLC1717, was 91 °C). Initial d/P ratio of the cell filled with this CLC mixture was ≈1.3 which dictated the formation of DM(⊥) grating under voltage applied. With increasing temperature, the authors observed a linear decrease in the diffraction angle (or linear growth of the period of grating), which occurs due to the unwinding of the cholesteric helix (Figure 9b) . At a certain temperature, when d/P became approximately to 1, the formation of DM(//) grating was observed. Further temperature increase led to an increase in the grating period. The cooling down of the sample resulted in the opposite effect. Thus, reversible orthogonal switching of DM gratings has been achieved in addition to regulation of their periods.
It is worth mentioning that the orthogonal switching (switching of direction of grating vector) between GM and DM(⊥) can also be obtained without using any specific chiral dopants but with electric filed variation only. In ref. [72] , nematic mixture E7 doped with common chiral dopant S811 was introduced to the electro-optical cell resulting in a d/P 0 ≈ 0.96, which facilitated formation of GM grating. In order to switch the grating direction (i.e., type of the grating, since the lines of GM grating might be only parallel to rubbing direction), a voltage higher than U H was applied followed by abrupt switching off. Upon dropping the voltage, the transition from homeotropic state to transient planar one was observed. The latter state can be considered as a meta-stable state (stretched cholesteric helix) and is characterized with the effective pitch P* = (K 33 /K 22 )P 0 , [72] which is higher than the native pitch P 0 . Therefore new confinement ratio of the system became ≈0.5 which resulted in formation of DM(⊥) grating upon an applied voltage. So, electrically
Adv. Optical Mater. 2018, 6, 1800335 Figure 9 . a) Chemical structure of thermoresponsive (6) and photoactive (7) chiral dopants used in refs. [71] and [66] , respectively. b) Demonstration of temperature driven variation of cholesteric electro-induced DG based chiral nematic mixture doped with compound (6). [71] Rubbing direction is horizontal. c) Tuning of DGs period by exposure with UV light due to cholesteric helix unwinding. Graph also shows the switching between different types of electro-induced gratings. [69] d) Schematic representation of the light-activated scanning spectrometer based on GM cholesteric grating. Inset shows white light diffraction through sample upon blue light (405 nm) illumination. [66] e) Detected peak wavelength tunability by sequential exposure to blue (405 nm) and green (532 nm) light. [66] b) Reproduced with permission. [71] Copyright 2017, Wiley-VCH. c) Adapted with permission. [69] Copyright 2017, Taylor & Francis. d,e) Adapted with permission. [66] Copyright 2015, Wiley-VCH. facilitated transient planar state enables to switch direction of the grating vector in an orthogonal manner.
In the conclusion of this subsection, let us consider the possibilities of controlling the parameters of electro-induced DGs with light. [65, 66, [68] [69] [70] A primitive way to impart photosensitivity to the cholesteric system is to exploit nonchiral azobenzenebased dopants. In this case, irradiation with light leads to the formation of a cis-isomer possessing a nonmesogenic (bended) shape that reduces the order parameter and, as a consequence, leads to insignificant decrease in helix pitch. It was shown that this approach allows varying the diffraction angle in the range up to 6°. [65] On the contrary, a more effective method of photoregulation of the helix pitch and subsequently the parameters of DGs consists in the use of chiral photochromic dopants, as it has been shown in the review earlier.
Recently, the author of the work, [69] , using a chiral photochromic dopant (compound 5 in Figure 6 ) has demonstrated an irreversible growth of the period of cholesteric DGs in a wide range (12-40 µm) when irradiated with UV light, which was associated with supramolecular helix unwinding (Figure 9c ). Moreover, a sequential switching of the types of DGs was observed, from 2D to GM and then to DM(⊥). The issue of the influence of surface anchoring strength on electro-optical performances of DGs has also been addressed in the paper.
In the work, [66] , nematic mixture E48 doped with a chiral azobenzene based switch (compound 7 in Figure 9a ) with an initial helix pitch of 1.5 µm was used. The photostationary state of the CLC material after exposure to blue light (405 nm) had a pitch ≈2.4 µm, while exposure to green light (532 nm) brought the system to almost initial state (P ≈ 1.6 µm). The electro-optical cell of 3 µm gap filled with this CLC material demonstrated the formation of GM grating (SFLH structure) upon voltage applied at any photostationary states. By using simultaneous irradiation with blue and green light, a dynamic adjustment of the grating period was achieved and the range of reversible tunability of the diffraction angle reached 21°. Utilizing white (polychromatic) light the authors have demonstrated the spectrum scanning system which is schematically depicted in Figure 9d . The detector was fixed at a certain azimuthal angle in order to study feasibility and performances of light-activated scanning spectrometer. In Figure 9e , the evolution of detected peak wavelength upon sequential blue and green light exposure is shown. It is seen that the scanning range of the tested system was in between 472 and 713 nm. This example gives a flavor of the potential applications of electro-induced cholesteric DGs not only for laser beam management but also for spectroscopy.
Stabilization and Patterning of Electro-Induced Cholesteric DGs
As mentioned above, DGs of a certain type exist only when an electric field is applied and turning off this field leads to the disappearance of the grating. In order to stabilize the electroinduced structures in CLC materials, two different methods have been developed, both of which use polymers.
The first approach to stabilize DGs consists in the formation of a polymer network by in situ photoinduced cross-polymerization. [73] [74] [75] [76] [77] [78] For this purpose, a low-molar-mass cholesteric mixture is doped with a small amount (usually in the region of a few percent) of aliphatic or liquid crystalline diacrylate (often nematic diacrylate 8 or RM257, see Figure 10a ) and a photoinitiator. The mixture is placed in an electro-optical cell and an electric field is applied. After the formation of the diffraction structure, the sample is irradiated with light to initiate photopolymerization. The resulting polymer (LC) network stabilizes Adv. Optical Mater. 2018, 6, 1800335 Figure 10 . a) Chemical structure of the LC diacrylate (8) commonly used for polymer-stabilization of LC materials. SEM micrograph of morphology of polymer-stabilized DM(⊥) grating. [76] b) The network structure of polymer-stabilized 2D cholesteric DG viewed from different angles. [75] SEM images in figures (a) and (b) were taken after evacuation of low-molar-mass LCs. c) Scheme of photoisomerization of photochromic chiral dopant (9) and structure of nematic polymer matrix (10) used in ref. [80] . d) The increase of period of the polymer cholesteric grating upon UV light exposure. The change in period is also accompanied by switching of grating types which is indicated in POM images inserted. e) Diffraction efficiency evolution of polymer cholesteric grating of DM(||) type as a function of applied voltage at different temperatures. [80] a) Reproduced with permission. [76] Copyright 1998, Wiley-VCH. b) Reproduced with permission. [75] Copyright 2007, AIP Publishing. d,e) Reproduced with permission. [80] Copyright 2015, Wiley-VCH. the orientational pattern of the DG that allows the grating to exist even after the electric field is switched off. The efficiency of such DGs reaches ≈80% and can be switched off by applying a relatively high voltage (several V µm −1 ). It is worth to note that in the off state, the gratings still have a weak residual diffraction due to strong anchoring of the LC molecules on the polymer network. Scanning electron microscopy (SEM) studies on the morphology of such polymer networks have revealed the presence of equidistant polymer stands with a periodicity corresponding to the optical texture, and connected to each other by thin fibrils in the perpendicular direction (Figure 10a) . [76] Usually the thickness of the grating polymer stands is in the micron range and can be varied by changing the confinement ratio.
A similar approach to the stabilization of electro-induced structures has been applied to 2D tunable DGs (Figure 10b ) [75] and to gratings based on the blue phase LCs. [79] The main drawback of this type of stabilization is the fact that, when a polymer network is formed, it cannot be changed any further, causing a lack of adjustability of DGs parameters (e.g., it becomes completely impossible to tune the period or orientation of the grating vector).
This issue is successfully solved by a second method using non-crosslinked side-chain LC polymers. This method is based on the "freezing" of structures in the glassy state of the polymer. To date, there is only one example of such stabilization with the ability to adjust the parameters of DGs in a wide range. [80] The authors used a nematic homopolymer (10) doped with a chiral photo-switch (9, Figure 10c ) having an initial pitch of about 2.9 µm. The feature of this switch is the irreversible decrease of HTP value upon UV exposure due to sequential trans-to cis-isomerization of cinnamic acid fragments. [12] The melt of this cholesteric mixture was placed in a 5 µm electro-optical cell at elevated temperature (120-130 °C) and GM grating was formed at the applied voltage. Then the sample with DG was rapidly cooled to room temperature (which is below the glass transition temperature of the polymer 10), which allowed the electro-induced structure to be stabilized in the glassy state of the LC polymer. When the field was switched off, the DG remained unchanged. In order to erase the gratings, the sample was heated above T g of the polymer. The procedure of recording-erasing of the DG can be repeated many times without fatigue. The irradiation of the sample with UV light led to the unwinding of the cholesteric helix (or decrease of d/P), which was accompanied by a change in the type of the grating to DM(⊥). Further irradiation resulted in the appearance of Helfrich deformations (or DM(//) grating) and a gradual increase in its period (Figure 10d ). It was demonstrated that DGs of any type including 2D and of any period can be easily stabilized in a glassy state of polymer LC matrix. In addition to the possibility of adjusting the period of the gratings by means of light, these materials also allow to control the diffraction efficiency. For example, the diffraction efficiency of a DM(//) grating can be purposefully adjusted by the temperature and magnitude of the applied electric field as shown in Figure 10e . Thus, the use of side-chain LC polymers provides significantly more room for adjusting the parameters of diffractive optical elements with the possibility of their quick "freezing"/stabilization than methods based on covalently-cross-linked polymer systems.
An important aspect of modern diffractive optical elements is not only the external control of their parameters but also the possibility of creating complex patterns based on periodic structures of a lower order. There are several methods to fabricate patterns based on electro-induced cholesteric DGs. One of the most versatile approach is based on exploiting photoalignment materials. [81, 82] Unlike the standard method of rubbing widely used for the orientation of LC molecules, photoalignment materials do not lead to physical treatment damaging and contaminating the surfaces. The action of linearly polarized light on such coatings causes the appearance of anisotropy of the surface energy, which drives the orientation of LCs on top of them. Photoalignment materials allow creating complex orientational patterns by, e.g., multistep illumination of the coatings with the use of masks. The latter approach was utilized to fabricate cholesteric DGs structured in a nontrivial way. In ref. [83] , the authors used the azo-dye (SD1) as a photoalignment material. An electro-optic cell consisting of two glasses covered with thin layers of SD1 was first irradiated with polarized UV light in order to promote a circular LC orientation (Figure 11a) . Next, the cell was filled with CLC and an electric field was applied, which initiated the growth of the GM grating. For such alignment at the interfaces, the growth occurred along the orientation of the molecules on the substrates, i.e., in a circular way, as it is shown in Figure 11b . By spatially variant alignment the authors have also demonstrated continuous wave-like cholesteric grating (Figure 11c) .
Analogous to the wave-like DGs, "zig-zag" structures were obtained by irradiating CLC mixture doped with the chiral photo-switch. [84] Initially, a well-oriented DM(⊥) grating (d/P o ≈ 1) underwent zig-zag-like distortions under the action of UV light due to the twisting of the supramolecular cholesteric helix (i.e., d/P increases; Figure 11d ). Such a pattern was observed in dynamic equilibrium in the interval 1.2 < d/P < 1.8 and only when the helix pitch decreased and was characterized by crescent-shaped diffraction pattern of the probe laser beam.
Another method for creating patterns of diffractive structures in CLCs is a step-by-step or sequential stabilization of DGs by polymer networks. In ref. [77] , the authors used a CLC mixture containing 7 wt% of the LC cross-linker (compound 8, Figure 10a ). The initial confinement ratio was 1.45, which dictated the formation of GM grating under the applied field.
The exposure of the sample with UV light through a mask (amplitude grating) resulted in stabilization of GM structure in the illuminated areas. Then the transient planar state was obtained in the non-irradiated regions as described in Section 3.2. In the given example, confinement ratio of transient state d/P* was of about 0.65, which facilitated the formation of DM(⊥) grating upon an applied electric field. After the DM(⊥) grating was generated, the whole sample was exposed to UV light initiating photopolymerization to complete stabilization. As a result, the linear pattern of alternated GM and DM(⊥) gratings was obtained as depicted in Figure 11e . A similar approach was used to create 2D pattern, in particular QR-code (Figure 11f ), which makes cholesteric DGs prospective in terms of their applicability for secure authentication or anti-counterfeiting optical devices. [78] 
Diffractive Structures Based on Cholesteric "Bubbles"
Due to the possibility of influencing the balance of forces (surface anchoring, chiral torque, elasticity, etc.) in CLC systems effectively, it becomes feasible to create stable/metastable structures with 3D inhomogeneous configuration of the LC director field. One example of such structures that can be interesting and promising from the point of view of practical application in optics is the so-called cholesteric "bubbles" or bubble domain (BD) texture. [85] [86] [87] [88] [89] This texture is usually observed for d/P in the vicinity of 1 and represents a self-assembled single layer of uniformly sized bubbles embedded in the medium with uniform homeotropic orientation. The exact boundaries of the existence of the BD structures strongly depend on specific experimental conditions like surface anchoring energy, elastic constant of LC material, and etc. A bubble consists of two separated topological defect of opposite charges stabilized by vortex-like distorted LC director field structure as demonstrated in Figure 12a . [90] The BDs show attractive interactions and short-range repulsive interactions upon weak electric field and without external field, respectively. [91] Such particle-like behavior and monodisperse size allows their self-assembly into Adv. Optical Mater. 2018, 6, 1800335 Figure 11 . a) Schematic representation and corresponding POM images of circularly aligned or b) spiral stripe state and c) wave-like cholesteric gratings of GM type. Patterns are fabricated by using photoalignment materials. [83] d) POM image of zig-zag dynamic pattern in CLC doped with photochromic chiral compound (15) appeared upon UV light exposure at 1.2 <d/p < 1.8. [84] e) Polymer-stabilized pattern of orthogonal cholesteric DGs. [77] f) POM image of QR-code inscribed by patterning of cholesteric DG of DM types. Black and bright regions correspond to the areas with homeotropic alignment and with DM grating, respectively. [78] a-c) Reproduced with permission. [83] Copyright 2015, Wiley-VCH. d) Adapted with permission. [84] Copyright 2017, Wiley-VCH. e) Reproduced with permission. [77] Copyright 2016, OSA Publishing. f) Reproduced with permission. [78] Copyright 2017, OSA Publishing. Figure 12. a) The cross-sectional views LC director configuration in cholesteric bubble domain. [90] Horizontal midplane perpendicular to the axis of the bubble is at the top; vertical plane passing through the center is on the bottom. b) POM images demonstrating the packing density of BDs with p 0 = 26.5 µm at different confinement ratios and far field diffraction patterns of well-aligned BD texture. [90] c) Cholesteric bubbles as tunable microsized lenses. Dependence of focal length on electric field applied. Inset shows 2D array of BDs and its near filed diffraction pattern. [93] a,b) Reproduced with permission. [90] Copyright 2017, Nature Publishing Group. c) Adapted with permission. [93] Copyright 2011, AIP Publishing.
hexagonally-packed 2D arrays (Figure 12b ). [92] [93] [94] In turns, 2D BD arrays can be considered as DGs. Moreover the toroid-like LC director structure around the center of a bubble is responsible for microlens behavior allowing to adjust focal plane, as will be shown further.
In order to obtain the BD structure, it is necessary to create a large number of topological defects in a CLC layer with homeotropic orientation and suitable confinement, which further relax into a metastable state-BD texture. This can be achieved by applying AC fields to the CLC material with a negative dielectric anisotropy (Δε < 0). The origin of these defects is turbulent flows caused by hydrodynamic instability. For a CLC with a positive dielectric anisotropy, the BD structure can be obtained by a rapid phase transition from an isotropic state into a cholesteric one. Similar to the BD, the toroidal structures in cholesteric frustrated layers can also be obtained with the action of focused laser light. [95, 96] It should be stressed that the confinement ratio defines not only the existence of BDs but also the density of their packing. An increase in this parameter leads to an increase in density as shown in (Figure 12b ) as well as an increase in the domain size. [90] The domain size is in a rather broad range from tens of microns to hundreds of microns, and is largely determined by layer thickness, the thicker the layer the bigger domains.
As stated above, arrays of BDs can act as DGs, whose typical diffraction pattern is shown in Figure 12b . The diffraction efficiency of such gratings is determined by the thickness of the layer and by the density of the domains and reaches its maximum values (≈80%) near the critical values d/P. [90] In addition, the domain can act as a microlens. The authors succeeded in adjusting the focal length of such lenses by applying weak DC voltage (for CLCs with Δε < 0), which resulted in increasing the diameter of the BD structure promoting increase in focal length (Figure 12c ). [93] Furthermore, a photocontrollable change/switching of the density of bubble domains has been achieved using CLCs with a phototunable helix pitch doped with a chiral azobenzene dopant. [94] This phenomenon can be used to create bistable light shutters for example by photoswitching between transparent homeotropic textures and opaque BD or fingerprint textures.
Thus, the balance of surface anchoring, chiral torque, and elastic forces in CLC materials creates an extraordinary diversity of self-organized structures under the action of electric field. In conjunction with the external (nonelectrical) control of the pitch of supramolecular cholesteric helix, highly tunable diffractive structures can be obtained. It is possible to fabricate 1D and 2D DGs with a controllable period and efficiency, purposefully switch the direction of the gratings vector, create both dynamic and static optical elements, and design complex patterns, tunable microlenses, and optical shutters. All these results show the versatility and prospects of CLC materials for applications in organic optics and photonics.
Light-Generated Cholesteric DGs
One of the most useful methods for the creation of DGs is holographic or patterned photorecording. These methods open great opportunities for the manipulation of DGs' period, diffraction efficiency, and others parameters. Thus, this part of the review is devoted to the light-induced formation of the DGs in cholesteric low-molar-mass and polymer systems. Spatially modulated intensity or polarization of the incident light can induce several processes. We will consider the two most prominent light-induced processes used for DG creation, namely, (i) photoinduced helix twisting or untwisting, (ii) photo-orientation of azobenzene moieties embedded in CLC polymeric matrix (at constant P).
The first approach is based on phototuning of the cholesteric pitch value by photoinduced changing of the HTP of the chiralphotochromic dopant. Despite the fact that this phenomenon is well studied in numerous papers starting from mid 1990s as discussed in the first chapter, it was only recently applied for the fabrication of DGs. [97, 98] Alternatively, helix pitch could be photochemically modified by the photoisomerization of the nonchiral photochromic dopants. [99] [100] [101] [102] [103] Interestingly, the origin of the photoinduced helix pitch changes in the latter case is still under discussion. In most cases, the presence of nonchiral azobenzene-containing dopants allows to obtain cholesteric films with significant short-wavelength shift of selective light reflection under UV or visible light action. This process was also successfully used for the development of DGs. [104] The second approach is based on photo-orientation process of mesogenic groups induced by polarized light and related to the rotational diffusion of the azobenzene groups in direction perpendicular polarization plane of the incident light. The photo-orientation process itself is well studied in a number of papers [105] [106] [107] [108] [109] [110] and was successfully used for the optical photorecording as well as DGs formation by holographic technique. [111] [112] [113] [114] [115] [116] [117] [118] The third approach considered in this part of the review relates to the photoinduced textural or alignment transitions that can also be applied for the generation of periodic structures (or DGs). [119] [120] [121] [122] [123] 
DGs Based on Spatial Modulation of Cholesteric Pitch
In ref. [97] , we have for the first time applied this approach for the creation of the DGs. For this purpose, chiral photochromic dopant (compound 9, Figure 10c ) was added to the nematic polymer matrix (compound 10, Figure 10c ). The dopant (9) possessing high helical twisting power undergoes thermally irreversible E-Z isomerization under UV-irradiation that results in a strong decrease in the molecular anisometry and helical twisting power. [12] In order to obtain selective light reflection in the blue spectral range, 3.6 wt% of dopant (9) was dissolved in polymer (10) . Figure 13a shows the principle of the DG recording on planar oriented film of the mixture. UV-irradiation of the film using periodically transparent mask followed by annealing above glass transition temperature (30 °C) induces local untwisting of the cholesteric helix in the irradiated zones. Figure 13b demonstrates POM image of the obtained DG, Figure 13c shows transmittance spectra measured in the irradiated and nonirradiated zones, 1 and 2, respectively. It is noteworthy that the prepared grating diffracts only right-handed circularly polarized light (Figure 13c, bars) predetermined by the sense of the cholesteric helix. Using this principle, DGs working in different spectral ranges were designed. Authors have assumed that the DGs obtained in this work are phase type.
Thus, this principle based on the irradiation of the cholesteric mixtures through a periodic mask enables to obtain DGs that are not only highly effective (up to ≈40%), but also sensitive to a certain spectral range and the sign of circular polarization of the probe beam. Moreover, the obtained gratings are stable at room temperature for a long time, because polymer films keep the structure in a glassy state.
Later, the same approach was applied for the polymerstabilized cholesteric mixtures containing azobenzene-based chiral dopant (compound 11, Figure 13d ) and 6 wt% mesogenic diacrylate (8, Figure 10a ) in the presence of a photoinitiator sensitive to blue-green spectra range. [98] At first stage, the films were irradiated by 488 nm laser in order to obtain cross-linked samples. Then films were preirradiated by UV-light inducing large shift of selective light reflection to longer wavelength that is explained by a high concentration of photoinduced Z-form of the dopant (11) . DGs were recorded using mask and a green laser (532 nm) resulting in the back Z-E photoisomerization and shift of the selective light reflection to shorter wavelength. It was shown that due to the reversibility of the azobenzene isomerization process, the obtained gratings can be erased under uniform light exposure or rewritten to other patterns, such as a Fresnel zone plate, through a corresponding photo mask. Figure 13d shows microstructures of a Fresnel zone plate, written with a patterned visible light and the conspicuous focuses, corresponding to the incident right-handed (ii) and left-handed (iii) circular polarized light (CPL) with the wavelength of 650 nm.
As seen from this figure, a collimated red right-handed CPL is focused after passing through the obtained Fresnel pattern with alternate red-and-yellow reflection rings, whereas lefthanded CPL is passed through pattern without alteration. The authors have attributed these DGs to the amplitude type. It should be pointed out, that despite the significant achievements in creation of the DGs using this approach, the role of the polymer network in this case is under the question. Moreover, it is well known that polymer-stabilization in most cases completely prevents changes in helix pitch value under light action. [124] There are some papers dedicated to fabrication of DGs in cholesteric mixtures with non-chiral azobenzene dyes. For example, in ref. [104] , authors succeeded to realize DGs by doping chiral nematic mixtures with azo-dye Disperse Red 1 (compound 12, Figure 13e ). DGs were formed by exposure of two coherent beams of green laser (532 nm) whereas diffraction efficiency was measured by He-Ne laser (633 nm). Formation of the DGs is explained by the photo-isomerization of molecules (12) leading to a small but measurable shift (≈4 nm) of the selective light reflection band to shorter wavelengths. Figure 13e shows the scheme of the experiment and the principle of formation of DGs due to the shift of selective light reflection band in the areas with high light intensity. This method allows one to obtain DGs with diffraction efficiencies up to 5.5% in reflection mode.
Thus, spatial modulation of the helix pitch of cholesteric materials containing photoactive dopants can be successfully applied for the creation of DGs and demonstrates a great potential for the creation of more complex structures such as Fresnel lenses.
Adv. Optical Mater. 2018, 6, 1800335 Figure 13 . a) Schematic representation of the DG recording in the cholesteric mixture 10 + 9 (3.6 wt%) with phototunable helical pitch. Inserts-POM of the observed textures. [97] b) POM image of cholesteric textures after the grating formation in polymer mixture irradiated using mask (detailed description see in text); insets show the diffraction pattern of laser beams with right-and left-circular polarization. c) Corresponding transmittance spectra of a nonirradiated (point 1) and an irradiated (point 2) zones of the samples shown in the Figure 14a . Bars indicate the corresponding diffraction efficiencies. d) Chemical structure of chiral-photochromic dopant (11) and microstructures of a Fresnel zone plate, written with a patterned visible light after UV-irradiation of the film. On bottom, the conspicuous focuses corresponding to the incident right-handed (ii) and left-handed (iii) circular polarized light (650 nm). [98] e) Chemical structure of azo-dye (12) . Experimental setup for holographic recording and reconstruction. q is the wave vector of the helical structure, r is the rubbing direction, and QWP-quarter waveplate. Schematic illustration of the helical pitch modulation (at the bottom). [104] a-c) Reproduced with permission. [97] Copyright 2015, American Chemical Society. d) Adapted with permission. [98] Copyright 2016, Royal Society of Chemistry. e) Reproduced with permission. [104] Copyright 2009, AIP Publishing.
DGs Holographically Recorded in Cholesteric Polymer Systems
The second approach based on holographic recording on cholesteric azobenzene-containing polymers or glass-forming low-molar-mass liquid crystals is the most elaborated method for the formation of DGs in cholesteric systems. Research in this direction was started at the end of 1980s [111, 112] and continues nowadays. In most cases, for the azobenzene-containing polymers, the origin of DGs formation is the photo-orientation process induced by polarized light. During repetitive cycles of E-Z-E photoisomerization, azobenzene chromophores undergo rotational diffusion and finally align perpendicular to the polarization plane of the incident light, because the probability of light absorption for chromophores oriented in this direction is almost zero. [125] The first paper devoted to DGs formation in cholesteric polymer system by holographic recording was published by Bräuchle and co-workers in 1989. [111] Violet and blue lasers (413 and 476 nm) were used for DGs recording on films of cholesteric oligomeric cyclosiloxanes containing cholesterol chiral side groups and azobenzene photochromic moieties. Diffraction efficiency up to ≈40% was achieved. In this paper, for the first time, the main advantage of a polymeric glass-forming system was demonstrated, i.e., stability of the recorded DGs. The authors attributed holographic recording with the formation of Z-isomers causing sterical stress in the sample in the regions of high light intensity of the interfered laser beams. The erasing process was stimulated by heating of the samples above the glass transition temperature or by irradiation with light of longer wavelengths (482 and 530 nm).
Since then several papers were published demonstrating important characteristics of the holographic recording on cholesteric systems combining the selective light reflection intrinsic to the cholesteric mesophase and photoinduced DGs. [113] [114] [115] [116] [117] In particular, the possibility of multiple photorecording in cholesteric copolymers, [114, 118] mixtures with chiral-photochromic dopant [115, 116] and polymer-polymer composites [117] was demonstrated. For this purpose, the mixture of nematic azobenzenecontaining copolymer 14 ( Figure 15b ) with chiral-photochromic dopant 9 (Figure 10c ) was prepared and studied. Figure 14 shows the principle of the dual photorecording on the planarly oriented film of this mixture. [115] After spincoating and annealing, the film was UV-irradiated through the mask and annealed again in order to untwist the cholesteric helix locally and shift the selective light reflection to the longwavelength spectral range. UV-irradiation induces irreversible E-Z isomerization of the chiral-photochromic dopant 9 accompanied with decrease of its HTP. The last step was holographic recording on the same film due to cooperative photoorientation of the azobenzene and phenylbenzoate groups of the copolymer 14. Photo-orientation and holographic recording was completely thermal and photo-optically reversible.
An example of the image recorded in such a way is shown in Figure 14 . It is noteworthy that the prolonged holographic recording (1 h) leads to complete disappearance of the selective light reflection due to the strong deformation of the cholesteric helix, whereas the short-term irradiation (1 min) enables to realize coexistence of two recorded images (Figure 14 , at the right).
Another intriguing possibility of multiple colored recording was realized in LC polymer composites based on porous cholesteric network scaffolds. [117] Figure 15a shows a schematic representation of the preparation procedure of such cholesteric composite films. On the first stage, cholesteric mixture of the mono-and diacrylates dissolved in cholesteric low-molar-mass matrix was polymerized followed by removing of low-molarmass components by extraction with using ethanol. After drying the film, a "sponge-like" photonic scaffold was obtained. [126] This porous structure was then filled with photo chromic LCcopolymer (compound 13, Figure 15b ). Holographic recording of the obtained polymer-polymer composite films was successfully applied for the creation of different types of holographically recorded DGs. 1D and 2D polarization phase gratings were inscribed by photoinduced alignment of side-chain fragments of copolymer 13 introduced into the cholesteric scaffold. It needs to be stressed that the supramolecular helical structure was preserved even after 1 h of recording since it was preliminary imprinted in LC polymer networks. The latter phenomenon made possible to record Bragg reflection grating in such chiral systems for the first time. Bragg reflection grating resembles natural cholesteric helix in terms of its optical properties. Sensitivity of the grating can be encoded by holographic experiments (polarization states of recording laser beams). For example, Bragg DG selectively reflecting light of opposite handedness with respect to cholesteric reflection of the scaffold was fabricated as shown in Figure 15c . Moreover, the multicolored photo-optical recording was also realized by implying photopolymerization of cholesteric mixture at first stage using the mask and holographic recording on the same film filled with Adv. Optical Mater. 2018, 6, 1800335 Figure 14 . The schematic representation of the hologram recording over the cholesteric azobenzene-containing LC polymer films (compound 14) with selective light reflecting images. P-helical pitch, z-cholesteric helix axis. At the right: sample of planar aligned cholesteric film demonstrating the possibility of double photo-optical recording. Letters IAP (Institut für Angewandte Polymerforschung) are recorded by UV mask exposure inducing irreversible helix untwisting; recorded holographic DGs are seen as iridescent areas and diffraction pattern of probe laser beam. [115] Adapted with permission. [115] Copyright 2012, ACS.
photochromic LC polymer. These materials and approach can be useful for new generation of smart security tags.
DGs Based on Photoinduced Alignment Transitions
In ref. [119] , photoinduced 3D manipulation of the helix axes of CLCs and inversion of their handedness was demonstrated and applied for creation of DGs. For this purpose the authors introduced a small amount (1.2 mol%) of axially-chiral photochromic dopant based on dithienylcyclopentene (compound 15, Figure 16a ) into the commercially available nematic liquid crystal E7. Under UV-irradiation (310 nm), the ring-open structure of the dopant is transformed into the ring-closed isomer. This process is accompanied by drastic changes in the helical twisting power and handedness of cholesteric helix, from the initial right-handed to a left-handed form. During prolonged UV irradiation LC alignment in cell transforms consequently from right-handed standing helix (SH in Figure 16b ) to unwound nematic state, then to left-handed standing helix and finally to left-handed lying helix (LH in Figure 16b) . The lefthanded LH state can serve as DG and, moreover, UV-irradiation changes DG period and rotates the helix axis, which enables to realize easy control of diffraction angles and 2D beam steering for spectrum scanning (Figure 16c ). In addition, light-induced diffraction dimensionality in bilayer cholesteric samples was realized by sandwiching two LC cells with different alignment of helices.
An interesting example of using textural transitions for the formation of DGs was published recently. [120] The applied principle is based on localized polymer stabilization of planar texture of the cholesteric phase by photopolymerization with visible light (480 nm) of the mixture containing small amount of diacrylate followed by UV-induced twist of the helix due to isomerization of chiral molecular motor (compound 16, Figure 16e ). In this case, twisting of the cholesteric helix is accompanied by disruption of planar alignment and transition to focal conics texture (FC in Figure 16d ) with strong light scattering. Resulted DG represents alternating lines of planar alignment and focal conic state (Figure 16f ) with diffraction efficiency up to 35%. The obtained DGs are unstable at room temperature because photoinduced state of molecular motor relaxes back to initial one.
Other approaches for the formation of DGs deal with phenomena associated with photoactivated absorption of dye molecules on substrates or photoalignment. [127] [128] [129] Paper [127] gives a nice example of the application of Methyl Red molecules on ITO-coated glass substrates for DG formation during irradiation with green laser (532 nm). DGs recording imply transformation of initially imperfect texture of the cholesteric low-molar-mass mixture to perfectly planar alignment under the action of light. This effect is associated with absorption of the dye molecules on the substrate and their alignment perpendicular to the polarization of the pumping beam. In turn, the adsorbed dye molecules induce alignment of the LC molecules along their long axes. Such an alignment transition was successfully applied for the creation of 1D and 2D DGs.
Summarizing the data described in this part of the review, we may conclude that holographic recording represents a powerful tool for the inscription of DGs, especially in glass-forming Figure 15 . a) Schematic representation of the preparation procedure of cholesteric composite films. All low-molar-mass components of photopolymerizable mixture are presented in one color (red) as well as all the side groups of LC polymer (blue); polymer backbone and spacers are omitted. [117] b) Chemical structures azobenzene-containing copolymers used in refs. [115] and [117] . c) Right-and left-circular polarized (RCP and LCP) reflection spectra of photochromic composite based on cholesteric scaffold filled with azobenzene-containing polymer (13) with the reflection grating inscribed by exposure of two LCP laser beams. Images of the sample were obtained in natural, RCP and LCP light (on the right). [117] a,c) Reproduced with permission. [117] Copyright 2017, Wiley-VCH.
polymer systems. However, it must be pointed out, that despite obvious success in holographic DGs recording in cholesteric polymer systems, there are still some issues in the interpretation of complex kinetics of the diffraction efficiency growth observed in some papers. [115, 116] Such complex behavior is probably associated with the nontrivial character of the interaction of recording polarized coherent light with optically active, and highly twisted cholesteric structure.
The multifunctionality of the systems, combining phototunability of the helix pitch paves the way towards the creation of new materials for photonic applications, multicolored optical recording, etc.
Conclusion and Outlook
To sum up the review, we would like to draw attention of readers to the three main points. First of all, the considered experimental data clearly demonstrates that there are ample possibilities to apply CLCs in optics and photonics beyond the commonly used feature of cholesteric mesophase-selective light reflection and its variation by external fields. Indeed, early investigation efforts on CLC systems were primarily concentrated on selective light reflection as it emerged as the most vivid property due to the periodic helical architecture, allowing their application as reflectors, mirrors, filters, and media for lasing, among others. However, recent works reviewed here convince that there are numerous options to use CLC systems for diffractive optics. In particular, these applications imply a great variety of the devices, such as, beam splitters for microscopy, light dispersive elements for monochromators and spectroscopy, phase masks for lithography, complex patterned DGs for anticounterfeiting optical devices, nonmechanical leveraging light beams, and microlenses for fiber-optic communications and virtual reality displays, etc. Due to the unique polarization properties, CLC DGs can be potentially used for structuring the light to tailor matter. In addition, periodic structures in CLCs can be served to translate the order to micro-and nano-objects for the design of novel plasmonic materials.
Second, the CLC materials described here possess a great versatility providing easy tuning/controlling of DG parameters using different stimuli such as the electric field, light, and setting of different boundary conditions (planar, homeotropic, or homeoplanar). The polymer systems shown here are particularly interesting due to the possibility of supramolecular structure "fixation" in glassy state or in polymer network, which enables long-term stability of diffraction structures with or without the possibility to erase and rebuild gratings again. (15) and scheme of its phototransformation. [119] b) POM images and schemes of switching of LC cell filled with cholesteric mixture (E7+15) under UV-irradiation from its original standing helices (SH), through the unwound homogeneous state and the SH arrangement with opposite handedness, to the lying helix (LH) arrangement. The pink arrows denote the direction of the helical axis in the cell. c) Diagram demonstrating 2D, light-activated beam steering for spectrum scanning. The arrows on the LC cells show the direction of the helical axis. [119] d) Scheme of DG recording based on local transition from planar to focal conics (FC) texture. [120] e) Chemical structure of axially chiral dopant (16) . f) POM image of photo-optically recorded DG. [120] b,c) Reproduced with permission. [119] Copyright 2016, Nature Publishing Group. d,f) Reproduced with permission. [120] Copyright 2017, Wiley-VCH.
